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METHOD AND SYSTEM TO CREATE AND ACOUSTICALLY 
MANIPULATE A MICROBUBBLE 

CROSS-REFERENCE TO RELATED APPLICATION 

This application claims the benefit of U.S. provisional application 
5 Serial No. 60/392,318, filed June 26, 2002. 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

This invention relates to methods and systems to create and 
acoustically manipulate a microbubble. 

10 2. Background Art 

Ultrafast lasers allow light to interact with materials in a femtosecond 
time period, with peak powers many orders of magnitude higher than that of 
continuous wave light but with low average powers. Interestingly, an optically 
transparent material that has no linear absorption of incident laser light may have 

15 strong nonlinear absorption under high intensity irradiation of a femtosecond pulsed 
laser. Nonlinear absorption can lead to photodisruption of the material by 
generating a fast, expanding high-temperature plasma. Measurable secondary 
affects of the plasma include shock wave emission, temperature increases and 
microbubble generation. Many applications of ultrafast laser-induced optical 

20 breakdown (LIOB) have been developed recently such as micromachining of solid 
materials, microsurgery of tissues, and high-density optical data storage. 

The dominant breakdown attributes studied in liquids are shock wave 
emission and microbubble generation. As shock waves propagate spherically 
outward from the laser's focus, they dissipate energy and can be considered 



-1- 



UOM 0274 PUSP 
2289 



broadband pressure waves after propagating only a few wavelengths from the 
source. 

Relatively long wavelength light in the near infrared can penetrate 
several mm of tissue. High intensity ultrafast pulses (typically several hundred fsec 
5 or less in duration) can be focused to internal structures, producing nonlinear 
photodisruption only in a very small region centered at the focal point of the optical 
system. Because of the short pulse duration, the total energy per pulse is very 
small, so there is virtually no damage outside of the photodisruption zone. Such 
procedures are used for non-invasive eye surgery at the micron scale, as shown in 
10 U.S. Patent No. 6,146,375. Recent results have demonstrated that these methods 
can be extended to produce nanoincisions without any damage to surrounding tissue. 

A concomitant of the photodisruption process is a nanobubble. These 
bubbles can remain in tissue for a period ranging from several msec to minutes, 
depending on the mechanical environment. 

15 U.S. Patent No. 6,391,020 discloses photodisruptive laser nucleation 

and ultrasonically-driven cavitation of tissues and materials. 

"Optical tweezers," as described in U.S. Patent Nos. 5,620,857 and 
6,416,190, are used to manipulate biological structures such as individual 
macromolecules and subcellular structures. Optical tweezers require an optically 
20 refracting bead, limiting this approach to isolated preparations (i.e., individual 
molecules or cells or isolate systems). 

SUMMARY OF THE INVENTION 

An object of the present invention is to provide a method and system 
to create and acoustically manipulate without destroying a microbubble that does not 
25 require an external component such as a refractive bead. 
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While the preferred embodiment of the invention focuses on 
applications in cell and molecular biology, applications of the invention are not 
limited to this specific domain and may also include other applications where LIOB 
has been used. 

5 In carrying out the above object and other objects of the present 

invention, a method to create and acoustically manipulate a microbubble within a 
volume of material is provided. The method includes propagating at least one laser 
pulse through the material to create a microbubble within the material. The method 
further includes propagating at least one. acoustic wave through the material to a 
10 surface of the microbubble to controllably manipulate the microbubble within the 
material without destroying the microbubble. 

The at least one laser pulse may be an ultrafast laser pulse, and the 
microbubble may be created via laser-induced optical breakdown (LIOB) with little 
or no change to material immediately adjacent to the microbubble. 

15 The volume of material may include a liquid or semi-liquid material. 

The at least one acoustic wave may include an ultrasound wave. 

The ultrasound wave may exert a substantially continuous force or 
a pulsed force at the surface of the microbubble. 

The at least one acoustic wave may exert a force in the nano-Newton 
20 to micro-Newton level at the surface of the microbubble. 

The at least one acoustic wave may exert a force in the pico-Newton 
to femto-Newton level at the surface of the microbubble. 

The step of propagating the at least one acoustic wave may cause the 
microbubble to exert a mechanical force on at least one structure in contact with the 
25 microbubble. 
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The at least one structure may be a biological structure. 

The step of propagating the at least one acoustic wave may cause the 
microbubble to move within the volume of material. 

The method may further include measuring elasticity of material in 
contact with the microbubble based on movement of the microbubble. 

The step of propagating the at least one acoustic wave may cause the 
microbubble to mix the material. 

The microbubble may be a nanobubble. 

The step of propagating the at least one acoustic wave may cause the 
microbubble to manipulate at least one structure in contact with the microbubble. 

The volume of material may be a cell culture or intact tissue. 

The volume of material may be an extracellular medium of a diffuse 
cell culture, and the step of propagating the at least one acoustic wave may cause the 
microbubble to manipulate at least one cell for patterning. 

The at least one laser pulse may be a femtosecond laser pulse. 

The microbubble may have an optical refractive index different from 
an optical refractive index of the material, and the method may further comprise 
propagating a beam of light through the microbubble. 

The step of propagating the at least one laser pulse may also create 
at least one acoustic shock wave via LIOB. The at least one acoustic shock wave 
may operate as a high frequency, high precision acoustic source. 
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Further in carrying out the above object and other objects of the 
present invention, a system to create and acoustically manipulate a microbubble 
within a volume of material is provided. The system includes a pulsed laser for 
generating at least one laser pulse. An optical subsystem directs the at least one 
5 laser pulse to the material wherein the at least one laser pulse propagates through 
the material to create a microbubble within the volume of material. An acoustic 
source directs acoustic energy to the material wherein at least one acoustic wave 
propagates through the material to a surface of the microbubble to controllably 
manipulate the microbubble within the volume of material without destroying the 
10 microbubble. 

The microbubble may be created via laser-induced optical breakdown 
(LIOB) with little or no damage to material immediately adjacent to the 
microbubble. 

The source may be an ultrasound source, an ultrasound wave may be 
15 propagated in a direction through the material, and the microbubble may move in 
the direction of the ultrasound wave. 

The system may further include a modulated acoustic source for 
directing modulated acoustic energy to the material. At least one modulated acoustic 
wave may propagate through the material to the microbubble to cause the 
20 microbubble to mix material in a neighborhood of the microbubble. 

The system may further include means for measuring elasticity of 
material in contact with the microbubble based on movement of the microbubble. 

The above object and other objects, features, and advantages of the 
present invention are readily apparent from the following detailed description of the 
25 best mode for carrying out the invention when taken in connection with the 
accompanying drawings. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIGURE 1 is a schematic view of one embodiment of a system of the 
present invention; 

FIGURE 2 is a schematic view of an experimental set-up with optical 
5 and acoustical alignment; laser pulses are focused at an inner surface of a tank 
bottom; and 

FIGURE 3 is a schematic view of another embodiment of a system 
of the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

10 In general, the present invention relates to a method and system to 

create and acoustically manipulate a microbubble without destroying the 
microbubble. In one embodiment, an incident ultrafast laser pulse is nonlinearly 
absorbed to produce a miocrobubble via photodisruption. For cell biology 
applications, a high numerical aperture (NA) lens tightly focuses the ultrafast pulse 

15 inside a cell of interest. Photodisruption at the focus will produce a microbubble 
representing a nearly ideal acoustic reflector. The microbubble can be manipulated 
with either continuous-wave or pulsed ultrasound sources of relative low frequency 
and long wavelength (for example, 1 MHz ultrasound representing a wavelength of 
about 1.5 mm in biological systems). At this frequency, ultrasonic absorption is 

20 minimal. However, the radiation force on the microbubble can be significant since 
it is an ideal acoustic reflector. Radiation forces at reasonable ultrasonic intensities 
can easily reach the nNewton-to-/xNewton level at the microbubble surface. Very 
small radiation forces at the pNewton or fNewton levels can also be produced 
simply by reducing the ultrasonic intensity. Consequently, under remote control 

25 this approach can provide a wide dynamic range of forces to individual cells and 
subcellular components in contact with the microbubble. 
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Microbubbles in tissue have a finite lifetime. With the present 
invention, microbubbles are created with ultrafast optical pulses, manipulated with 
ultrasound, and then removed from the system over periods ranging from msec to 
minutes depending on the detailed mechanical environment of the microbubble. 
5 This feature overcomes many of the limitations of the prior art "optical tweezers. " 

The ability to place a microbubble anywhere in three dimensions 
within a cell culture or intact tissue, manipulate it with ultrasound in situ, and have 
it passively reabsorbed overcomes the primary limitations of "optical tweezers." 
For this reason, the technique of the present invention may be called "acoustic 
10 tweezers." This same technique can also be used to place microbubbles in the 
extracellular medium of a diffuse cell culture and manipulate cells with ultrasound 
for micro- and nanopatterning in highly controlled cell cultures. 

Figure 1 schematically discloses a well-controlled nanobubble inside 
biological tissue that can be used to exert precise forces on cells, or smaller 

15 structures, using ultrasound. Here, the microbubble is produced in the extracellular 
space of a tissue culture using a femtosecond laser pulse focused to this region. 
Synchronized with the optical system (i.e., ultrafast laser) by a control unit, an 
ultrasonic system (i.e., ultrasound source) insonifies the object immediately after the 
microbubble is created with a specified acoustic intensity to produce a specified 

20 radiation force on the microbubble. The microbubble will move in the direction of 
the ultrasound beam. In this way, a force of known magnitude and direction can be 
remotely applied to the cell. For example, the cell could be placed at a specific 
position as part of a biological micropatterning system. This use of a radiation force 
to produce precise mechanical forces is similar to optical tweezers. However, the 

25 acoustic system does not need a refractive optical bead - the active element is a 
fleeting nanobubble only present when forces need to be applied. 

Figure 2 schematically shows how microbubbles may be produced by 
laser-induced optical breakdown (LIOB) in water. Femtosecond laser pulses are 
focused by an optical element or lens just inside the surface of a small liquid tank. 
30 A tightly focused, high frequency, single-element ultrasonic transducer is positioned 
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such that its focus coincides axially and laterally with this laser focus. When optical 
breakdown occurs, a microbubble forms and a pressure wave is emitted (i.e., 
acoustic emission). 

Figure 3 schematically shows a laser light fiber which is used to 
5 propagate one or more laser pulses within a medium (indicated by dashed vertical 
lines) to form a microbubble (the solid, small circle) and a shock wave (the dashed, 
larger circle). A pair of ultrasound sources positioned about the light fiber 
propagate acoustic energy in the form of acoustic waves in the medium to force the 
microbubble against a surface of a substrate or other structure such as for 
10 patterning. 

One purpose of this invention is to provide a new method to remotely 
manipulate cells and subcellular structures within cell culture, and ultimately intact 
tissue. The method may use both ultrafast optics and ultrasonics to produce a 
system with equivalent control at nanoscopic dimensions that does not require an 
15 external component, such as a refractive bead. This means it can be applied to 
whole tissue culture, or even ultimately to intact tissue. 

One advantage of the method and system of the invention is that it is 
non-contact (i.e. , remotely controlled) and can be used within cell culture and intact 
tissue. It provides all the features of optical tweezers without requiring beads. 

20 There are many other potential applications of this technology in both 

biological and non-biological systems. Anywhere "optical tweezers" have been 
applied, "acoustic tweezers" should have an advantage. 

Four potential applications for "acoustic tweezers" are as follows: 

1. Patterning - If a microbubble touches a surface, then when an 
25 acoustic wave pushes on the microbubble, fluid around the 

microbubble can move with a high velocity toward the surface. This 
effect is called acoustic microstreaming. By precisely positioning a 
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laser-induced microbubble at the surface of a substrate, acoustic 
waves can force the fluid to interact with the substrate surface. This 
approach can be used for micro- and nanopatterning of the substrate 
surface. 

2. The shock wave associated with microbubble creation (i.e., an 
acoustic shock wave is launched simultaneous with microbubble 
creation during a photodisruption event) can be used as a high 
frequency, high precision acoustic source. 

3 . Fluid mixing - If a microbubble is acoustically-levitated within a 
liquid, then a second, modulated acoustic source can be used for 
fluid mixing in the neighborhood of the microbubble. Since the 
microbubble can be placed anywhere in the fluid that the optical 
pulsed beam can propagate, one can effectively create a micromixer 
without constructing a device. 

4. Optical tweezing - Because the microbubble has a much different 
optical refractive index compared to the surrounding fluid, the 
microbubble can also be used for optical manipulation as well as 
acoustic manipulation. 

The present invention may also be used to measure tissue elastic 
properties using acoustic radiation force on laser-generated microbubbles. For 
example, an acoustic radiation force may be applied to microbubbles generated by 
laser-induced optical breakdown (LIOB) to study the mechanical response of the 
surrounding medium. The technique of applying acoustic radiation force to 
microbubbles seems well suited to monitor changes in intraocular lens elasticity 
during a potential presbyopia treatment involving LIOB. While traditional elasticity 
imaging and more recent techniques involving acoustic radiation force would be 
confounded by the limited speckle pattern in the lens, application of acoustic 
radiation force to microbubbles generated by LIOB would not have such limitations. 
Optical breakdown occurs when sufficiently high threshold fluence is attained at the 
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focus of femtosecond pulsed lasers, including plasma formation and microbubble 
generation. LIOB microbubbles are of particular interest because they can be 
generated at very precise locations and optical parameters can be varied to control 
size. 

5 Femtosecond laser pulses (700 fs) are focused in the volume of 

gelatin phantoms of varying concentration to form microbubbles. A two-element 
ultrasonic transducer generates acoustic radiation force on individual microbubbles 
while monitoring their displacement within an elastic medium. Gelatin phantoms 
with concentrations of 5%, 7.5% and 10% are used to compare the displacement of 

10 individual microbubbles in response to 1.5 MHz focused ultrasound by the outer 
element. Two types of acoustic excitation have been investigated: 1) single bursts 
ranging from 33 /usee to 200 ms; and 2) pulsed bursts at 1.22 kHz. The inner 
element receives pulse-echo recordings before, during and after the excitation bursts 
and correlation processing is performed to monitor microbubble position. Maximal 

15 microbubble displacements of 330 ^m, 124 /im, and 48 /zm have been measured in 
response to pulsed excitation in 5%, 7.5% and 10% gelatin phantoms, respectively. 
Alternatively, maximal microbubble displacements of 423 /zm, 140 fxm, and 60 /xm 
have been measured in response to a single 6.7 ms ultrasound burst in 5%, 7.5% 
and 10% gelatin phantoms, respectively. These results demonstrate that 

20 microbubble displacement induced by acoustic radiation force is directly related to 
the gelatin concentration and, therefore, the elasticity of the surrounding medium. 

While embodiments of the invention have been illustrated and 
described, it is not intended that these embodiments illustrate and describe all 
possible forms of the invention. Rather, the words used in the specification are 
25 words of description rather than limitation, and it is understood that various changes 
may be made without departing from the spirit and scope of the invention. 
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